Abstract. High resolution micro-CT images are often corrupted by ring artifacts, prohibiting quantitative analysis and hampering post processing. Removing, or at least significantly reducing such artifacts is indispensable. However, since micro-CT systems are pushed to the extremes in the quest for the ultimate spatial resolution, ring artifacts can hardly be avoided. Moreover, as opposed to clinical CT systems, conventional correction schemes such as flat-field correction do not lead to satisfactory results. Therefore, in this paper, a simple but efficient and fast post processing method is proposed that effectively reduces ring artifacts in reconstructed µ-CT images.
Introduction
In X-ray CT, ring artifacts are caused by imperfect detector elements such as a gain error at a specific position in the detector array (Ter-Pogossian 1976) . They appear on CT images as a number of concentric rings superimposed on the structures being scanned (Kinney, et al. 1989) . As the grey levels in the reconstructed images are influenced by these ring artifacts, quantitative analysis becomes a major problem. Moreover, post processing such as noise reduction or image segmentation is significantly hampered by the presence of such artifacts. This problem is frequently raised while discussing medical CT image quality, especially third generation systems (Hiriyannaiah 1997) .
There are many causes for the appearance of ring artifacts, but all of them are associated with individual pixel response. In worst case, if some detector elements show severely reduced performance due to manufacturing defects, ring artifacts show up as circles with no gray level difference. In modern scanners, this situation is exceptional and detector elements are generally of high quality. However, their response to the incoming signal is usually not as expected due to the following reasons: § Jan Sijbers is a Postdoctoral Fellow of the F.W.O. (Fund for Scientific Research -Flanders, Belgium)
Published in Physics in Medicine and Biology, Vol. 49, Nr. 14, 2004 . Personal use of this material is permitted. However, permission to reprint/republish this material for advertising or promotional purposes or for creating new collective works for resale or redistribution to servers or lists, or to reuse any copyrighted component of this work in other works, must be obtained from Physics in Medicine and Biology.
Reduction of ring artifacts in high resolution micro-CT reconstructions 2
• drifts in detector element sensitivity in between white-field calibrations (e.g., caused by temperature instability);
• non-linear detector element response, caused by beam-hardening effects;
• drifts in the detector white-field correction caused by hardware shortcomings such as irregularities in the Be-window of the X-ray tube, different scintillator thicknesses, and errors in read-out electronics.
Micro-CT systems with 2D detectors like the SkyScan-1076 system [www.skyscan.be] (used in our research) are also highly sensitive to slight differences in the sensitivity of adjacent detector elements. This becomes an important problem when high contrast resolution is required. Ring artifacts dramatically increase when the highest possible resolution of 9 micron is pursued. We suspect the hardware to be the main cause of these artifacts. In the SkyScan-1076 system, the detector, the filter, as well as the source are rotating. This rotation affects the exact position of the electron spot on the anode. So in fact the system's 5 micron spot is moving within 5-10 micron and flat field becomes corrupted.
A common approach to reduce ring artifacts is known as flat-field correction. Thereby, an image is measured without placing a sample in the X-ray beam. The non-uniformity in the resulting flat field includes effects of non-uniformities in the incident X-ray beam, non-uniform response of the scintillator, and non-uniform response of the CCD detector. However, if different detector elements will have different response functions, ring artifacts will not completely be removed by the flat-field correction.
Alternatively, the effect from varying responses of different detector elements can be masked by moving the detector array during the acquisition (Davis & Elliott 1997) . Thereby, the characteristics of all detector elements are averaged, which usually leads to significantly reduced ring artifacts (Doran, et al. 2001 , Jenneson, et al. 2003 . However, it requires special hardware to accomplish this type of ring artifact reduction. Finally, ring artifact reduction can be reduced by sinogram-processing (Rivers 1998) .
In this paper, an alternative method to reduce ring artifacts is proposed that can be applied directly on the reconstruction images.
Methods
In this section, a fast algorithm is elaborated for the reduction of ring artifacts from reconstructed images. It consists of two steps: a region of interest (ROI) selection, in which the region in the image to be processed is automatically extracted, and the actual artifact reduction algorithm.
ROI selection
Generally, ring artifacts will be more pronounced in the region in which the object is placed. In order to extract ring artifacts from the object, it is convenient to roughly segment the object from the background area, thereby creating a ROI for post Reduction of ring artifacts in high resolution micro-CT reconstructions 3 processing. This ROI selection can be accomplished in a fast and fully automatic way using morphologic operators. The steps involved can be summarized as follows :
thresholding Let I denote the reconstructed image showing the ring artifacts. As a first step, I is thresholded such that the object is coarsely separated from the background region, resulting in a binary image B 0 . This can be done automatically from the image histogram (the threshold value should be chosen as to select most of the background mode). The threshold selection, however, is not critical since an improperly selected threshold will be compensated by the subsequent morphological operations. As an example, Fig. 1(b) shows the result of the thresholding of Fig.  1(a) .
dilation The thresholded image B 0 may contain holes resulting from regions with low attenuation. In order to fill these holes, a number of dilation operations is applied to B 0 , resulting in a new binary image B 1 . The number of dilation iterations must be large enough as to ensure that the object region is completely filled after dilation. The exact number of iterations, however, is irrelevant since it is followed by masked erosion.
masked erosion Masked erosion is defined as conventional erosion with this restriction that the pixels from a specified binary mask are not removed by the erosion operation. Here, masked erosion is applied to B 1 , where the thresholding result (B 0 ) serves as a mask. The number of masked erosion iterations should be slightly larger than the number of iterations from the dilation operation. The outcome of the masked erosion step is a new, binary image B 2 .
erosion Next, to remove spurious noise pixels from the background, a (small) number of erosion operations is applied to B 2 , resulting again in a new binary image B 3 . Also in this case, the number of erosion steps is not critical, since it is followed by masked dilation.
masked dilation Finally, masked dilation is applied to B 3 in which the result from the thresholding step (B 0 ) serves again as a mask; i.e., only pixels that are also present in B 0 are added during dilation. This ensures fast convergence. The number of iterations should be slightly larger than the number of iterations in the erosion step.
The result of these morphologic operations is a final, connected, binary image B that serves as a ROI to correct the ring artifacts (see Fig. 1(c) ).
Artifact reduction
Within the generated ROI B, ring artifacts in the reconstructed image I are corrected. In summary, the steps involving the ring artifact reduction are:
• transform I into polar coordinates (→ P );
• within a sliding window W n :
In what follows, small bold characters denote vectors and capital bold characters denote matrices. -detect a set of homogeneous rows: w n,1 , ..., w n,Kn ; -from this set, generate an artifact template: {w n,k } → a n ;
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• correct line artifacts in P , based on the set of artifact templates {a n };
• transform → P back into cartesian coordinates.
In this subsection, we will describe these steps in detail. During each step, only pixels belonging to the ROI B (i.e., white pixels in B) are considered.
Transformation into polar coordinates
First, the raw input image I showing the ring artifacts is transformed into polar coordinates. The resulting image is denoted as P . Thereby, the center of the ring artifacts is chosen as the origin of the polar coordinate system (generally, this center is simply the center of the original cartesian image). Furthermore, the radius and angle range are chosen as to cover the whole ROI (ROI=B, similarly transformed into polar coordinates). In order not to lose spatial resolution as a result of this transformation, the sampling distance must be small enough. Assuming the pixel dimensions in the original image I to be equal (i.e., ∆x = ∆y), we chose in our experiments as a radial and angular sampling distance ∆r = ∆x and ∆θ = ∆x/R max , respectively, where R max denotes the radius range. Note that, because of the polar transformation, the ring artifacts in I show up as lines in P (see for example Fig. 2(a) ).
Artifact template selection
Next, the line pattern in P is reduced by detecting this pattern from homogeneous row segments in P . In what follows, P is assumed to be of size M × N . The following steps are involved:
• A window W n of fixed size M × W is slid across P as shown in Fig. 2(a) . Note that the position of the window ranges from n = 0 till n = N − W .
• For each row w m,n of W n , where m = 1, .., M , the signal variance v is computed. If v is smaller than a specified threshold T (and w m,n is fully contained within the ROI), w m,n is subtracted by its mean value and stacked as a row into a temporary artifact matrix A n . The final size of the matrix A n is given by K n × W , where K n denotes the number of rows in W n that meets the homogeneity criterium (i.e. v < T ).
• Then, for each column of A n , the median value is computed. This results in an artifact template vector a n of size W .
• Furthermore, for each position n of the window W and for each column position l within that window, the number of row segments that meets the homogeneity criterium, K n+l , is evaluated. If K n+l was not computed before, or if K n+l is larger than a previously computed value, the artifact value a n [l] is stored in a final artifact template vector a at position n + l; i.e.: a[n + l] = a n [l] . Note that the length of a is N .
Line artifact subtraction
Finally, the artifact template vector a is subtracted from each row of the polar image P . The resulting corrected image is then transformed back into cartesian coordinates to yield an image in which the ring artifacts are significantly reduced. It is worthwhile noting that the final correction procedure (subtraction of the artifact template) is global, which, as a consequence, has minimum impact on the image resolution.
Results and discussion
The ROI selection can be performed in a fully automatic way. The procedure described in subsection 2.1 does not depend on critical parameters. On the other hand, the artefact reduction algorithm is based on two parameters that may require some explanation:
W The width of the sliding window W . Recall that the purpose of the window is to detect homogeneous row segments in I (i.e., rows in W of which the variance is only due to the image noise and the line artifacts). Therefore, W should be chosen as small as possible in order to detect a sufficiently large number of homogeneous rows
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T The choice of the threshold value T that classifies row segments as homogeneous or inhomogeneous, depends on the severity of the line artifacts. The less pronounced the line artifacts, the smaller the value of T can be chosen, with a lower bound determined by the image noise variance. In our experiments, T was chosen to be 3 times the image noise variance.
In the present study, we investigated the structure of the human inner ear. The peculiarity of the experiment was that we were trying to detect soft, non-calcified membranes surrounded by the highly absorbing, bony tissue. In order to collect signal that was high enough to visualize the membrane, long exposure times were required. Because of the long acquisition time, ring artifacts were significantly enhanced. In order to reduce the ring artifacts, the artifact reduction algorithm proposed in this paper was applied.
Various data sets were processed. The left column of Fig. 3 shows four slices of a 3D data set that were processed for artifact reduction. The results are shown in the right column of Fig. 3 . Each time, W = 121 was chosen for the width of the sliding window W . From the figures, it is clear that artifacts are significantly reduced. However, it was also observed that very close to the center of the ring artifacts, reduction of the artifacts was less pronounced compared to rings with a larger diameter. The reason can be found in the polar image, since much more data are available for large rings than for small rings for extraction of artifacts templates.
Although the number of image processing steps involved in the algorithm, seems large, computational requirements were observed to be very low. For a 2000 × 2000 image, the mask generation procedure took about 1.5 second. The artifact reduction procedure took another 2.5 seconds on a 2 GHz Pentium.
Finally, it is remarked that, since the correction of the ring artifacts consists of a global subtraction of a line artifact image, image resolution is hardly affected.
Conclusion
In this paper, a method is presented to reduce ring artifacts appearing in high resolution micro-CT reconstructions. Results show that within a few seconds, a corrupted image can be well restored, essentially without compromising image resolution. 
